The CodY protein is a global transcriptional regulator that controls, directly or indirectly, expression of more than 100 genes and operons in Bacillus subtilis. We used in vitro DNA affinity purification combined with massively parallel sequencing, to identify B. subtilis chromosomal DNA fragments that bind CodY in vitro. A nonstandard strand-specific analysis of the data allowed us to pinpoint CodY-binding sites at single-nucleotide resolution. By comparing the extent of binding at decreasing CodY concentrations, we were able to classify binding regions according to their relative strengths and construct a subset of the 323 strongest CodY-binding regions that included sites associated with nearly all genes reported to be direct CodY targets. Many of the identified sites were located within coding regions. At such sites within the ispA, rapA, and rapE genes CodY-dependent repression was demonstrated using lacZ fusions and mutational analysis.
. The CodY-DNA complexes formed by incubation of fragmented, adapter-ligated chromosomal DNA with purified His-tagged CodY are isolated using immobilized metal-ion affinity purification. The CodY-binding fragments are released from the complexes by incubation with proteinase K, amplified by PCR using adapter-specific primers, and subjected to sequencing en masse. Analysis of the resulting genome coverage maps allows identification of hundreds of peaks associated with CodY-binding regions across an entire genome. The method resembles a singlecycle genomic SELEX experiment (19, 20) combined with massively parallel sequencing.
We have used a similar approach (Materials and Methods) to isolate and sequence fragments (∼150-200 nt) of B. subtilis chromosomal DNA that interact with purified B. subtilis CodY, but varied the CodY concentration from 0.32 nM to 5 μM, to identify all binding regions and distinguish among regions of different strengths. To be considered as a binding region, a sequence needed to have at least threefold higher-than-average coverage over at least 61 consecutive nucleotides.
In a genome-wide binding experiment, three factors come into play: affinity of a DNA region for CodY, competition among fragments, and stoichiometry of CodY and DNA [we used 30-nM DNA fragments for the initial purifications and 3 nM for reiterative purifications (see below)]. At a given CodY concentration, affinity should be the primary determinant of binding strength to a particular region if the protein concentration is significantly higher than the concentration of binding regions; at lower ratios of protein to DNA, competition becomes a more important determinant of binding to a given region. As a result, only a limited number of high-affinity regions should be recovered at very low protein concentrations. In fact, only eight such regions with a binding strength >0.0001 (as defined by the fraction of the number of sequencing reads attributed to each region among the total number of reads for recovered DNA) were recovered at 1.6 nM CodY and only one region (associated with the ybgE gene) was recovered at 0.32 nM CodY (Dataset S1 A and B). By contrast, at 1 or 5 μM CodY, i.e., concentrations that are likely much higher than the apparent dissociation constant (K D ) for physiologically relevant binding sites, more than 1,000 binding regions, most of them very weak, were identified. In fact, the CodY-binding regions appeared to form a continuum of regions of various strengths (the list of all 1,757 regions is presented in Dataset S2).
Because many of the weaker regions detected in vitro may not have physiological significance, we arbitrarily selected for further analysis a subset consisting of the 323 strongest CodY-binding regions, as defined by the maximal strength of each region in all IDAP-Seq experiments performed at CodY concentrations ≤200 nM (Dataset S1A). The correlation between this subset and the list of known CodY-regulated target genes or operons, based on the results of microarray experiments, is shown in Table 1 . Fortyseven of 75 negatively regulated targets and 10 of 27 positively regulated targets are associated with CodY-binding regions.
The 323-region subset also includes regulatory regions for ten additional genes (rapA, citB, ackA, ywfH, comK, srfAA, acsA, gabP, gabT, and gltT) that have been shown to be under CodY control using approaches other than microarray analysis (Dataset S3). Thus, evidence of in vivo CodY-dependent regulation is available for 66 of 323 selected regions (Dataset S3).
About 90 CodY-binding regions were associated with genes of nitrogen metabolism, consistent with the observation that the activity of CodY is greatest in cells grown in the presence of excess amino acids. In addition, about 20 CodY-binding regions appear to be involved in regulation of other transcription factors, potentially extending the effect of CodY-mediated regulation to multiple biochemical pathways and environmental responses (Dataset S1A).
ChIP-to-chip experiments revealed 66 extended regions of CodY binding in vivo (3) (31 of which correspond to genes and operons regulated by CodY in vivo). Sixty-two of these 66 regions could be found in the subset of 323 strong CodY-binding regions identified by IDAP-Seq. We found no binding regions corresponding to the yqgA and yqiYZ (artQR) loci; the binding regions for rok and yrhH fell just below our arbitrary cutoff. We were also unable to identify CodY-binding regions that were associated with three genes, hag, flgB, and bsrF, previously reported to be under direct CodY control (21, 22) , indicating that these genes are not able to bind CodY in our strain.
In summary, the 323-region subset includes 97 of the 147 regions that are associated with either in vivo binding or regulation or both; it also includes 26 of 29 regions associated with genes for which direct CodY-dependent regulation was validated. Nonetheless, it is obvious that this subset is much larger than the number of CodY-regulated target genes or operons identified by in vivo transcription assays or the number of CodYbinding regions found in the ChIP-to-chip experiments. There are several possible explanations for this result. First, the IDAPSeq approach is more sensitive than a ChIP-to-chip experiment. Second, CodY binding to some regions detected by IDAP-Seq may have little or no effect on regulation in vivo. In fact, we detected only twofold or less CodY-dependent in vivo regulation of the ald-, azlB-, codV-, glnR-, odhA-, oppA-, and pdxS-lacZ fusions (Table S1 ), even though all of the corresponding regulatory regions could bind CodY (Dataset S1A and see below). Third, binding of CodY to some regions in vivo and CodYdependent regulation of some genes may be masked under certain conditions by the presence or absence of other regulators.
Reiterative Affinity Purification. To improve the resolution power of our experiments in terms of relative CodY-binding strengths of different DNA regions, we used a genomic SELEX-like approach (19, 20, 23) by performing up to five successive rounds of IDAP at 1.6 nM or 200 nM CodY using the PCR-amplified output of the previous round as the input for the next round (Dataset S1 A, C, and D). Our reasoning was that DNA fragments carrying stronger binding regions would outcompete other fragments in forming CodY-DNA complexes. This should cause overrepresentation of stronger binding fragments in the output of each successive round of IDAP, resulting theoretically in the identification of the strongest binding fragment(s). Indeed, after four IDAP cycles using 1.6 nM CodY, the fraction of reads corresponding to the ybgE region exceeded 70%, apparently indicating that this is the strongest CodY-binding region in the B. subtilis genome (Dataset S1D). The ybgE gene encodes a branched-chain amino acid aminotransferase (24, 25) .
Ranking of CodY-Binding Regions. A unique advantage of the IDAP experimental set-up is the ability to determine relative strengths of CodY binding of individual chromosomal regions under conditions of varying CodY concentrations and genome-scale competition with all other CodY-binding regions. After one round of IDAP, the strongest regions achieved the maximal strength at 8 nM CodY, i.e., at a concentration at which the least strong regions could not bind CodY (Fig. 1) . The maximal strength and the corresponding ranking of each region achieved under any of the conditions used in our IDAP experiments are listed in Dataset S1A. Interestingly, the ranking of some regions varied in experiments performed at different CodY/DNA ratios (Dataset S1B). At least three classes of regions were detected with respect to such variability. The rankings of some regions increased with the increase in the CodY/DNA ratio, suggesting that their binding sites are of relatively low affinity and that binding depends on a high degree of cooperativity. Cooperative binding of CodY to DNA has been detected for many genes (13, 26) . The rankings of other regions decreased with the increase in the CodY/DNA ratio, suggesting that they have relatively high affinity and that binding has a lower level of cooperativity and can be competed effectively by other sequences when the CodY concentration increases. For the third group of regions, the rankings stayed more or less constant.
Importantly, the changes in relative strengths of CodY-binding regions observed in IDAP-Seq experiments with different CodY concentrations are likely to correlate with changes in relative expression levels of the target genes under conditions of varying CodY activities in vivo. For example, the ybgE gene, which is associated with the strongest CodY-binding region, is one of a few genes that is efficiently repressed even under conditions of low CodY activity (27) .
Identification of CodY-Binding Sites at Single-Nucleotide Resolution.
The conventional method of defining protein-binding regions by IDAP-Seq, ChIP-Seq, and similar approaches is based on counting all nucleotides of all reads and finding regions for which the average number of reads per nucleotide is above the baseline. This approach can define binding regions and approximate locations of binding peaks, but obscures the exact positions of the binding sites, i.e., sequences that are directly involved in protein binding. A unique approach that created strand-specific coverage maps by counting only the 5′ nucleotide of each sequenced DNA fragment allowed us to manually identify in vitro binding sites at single-nucleotide resolution. (Note that the 50-nt sequence obtained for each fragment allows that fragment to be localized to the genome, thereby identifying the exact position of the 5′ nucleotide.) As shown in Fig. 2 A-C, each simple CodY-binding site, reading left to right, is surrounded by a sequence with a high number of reads at each position on the top strand and a nonoverlapping sequence with a high number of reads on the bottom strand. A zone of few or no reads on either strand separates the two zones of high reads and corresponds to the sequence of the binding site, because fragments lacking even a single base pair that is essential for CodY binding would not be able to interact with CodY, and therefore the corresponding 5′ nucleotides are represented minimally or not at all in the coverage of either DNA strand. The gap in coverage on both DNA strands together with its boundary nucleotides on each side is referred to here as the core of the binding site (Fig. 2C) . It is possible that several additional nucleotides on either side of the core are required to form a site fully competent for binding.
An example of the actual results of our analysis is shown in Fig. 3 A and B for the 380-nt associated with the frlB (formerly, yurP) gene binding region. Sharp drops in the coverage were observed both for the (+) and (−) strands, with a gap of 8 nt between the two drops. We conclude that the 8 nt at positions 173-180 are essential for CodY binding, but also anticipate that the nucleotides at positions 171-172 and 181-185 (with reduced coverage) are likely to contribute to CodY binding. These 8-15 nt plus one flanking nucleotide on either side of the gap constitute the core of the frlB CodY-binding site. Similar results can be seen for the rapA or rapE genes ( Fig. S1 A-D) . Table 2 lists core binding sites of the strongest CodY-binding regions in the B. subtilis genome. The length of the core sequences for all CodY-binding sites varied from 7 to 38 nt; 95% of the sequences were 11-29 nt in length (Dataset S1A). In all 17 cases, in which CodY-binding sites were mapped both by IDAPSeq and DNase I footprinting or mutational analysis the positions of those sites overlapped (Dataset S3).
Closely Spaced CodY-Binding Sites. Manual inspection of CodYbinding regions from the 323-region dataset revealed that 30 of them contained two or three strong CodY-binding sites, separated by 5 to >200 nt. The ability of IDAP-Seq to fully resolve locations of closely spaced sites depends on the size of the DNA fragments used in the experiment. For example, the two sites of the nupG gene that are separated by >200 nt (13) were easily resolved (Fig. S1 E-G) . The bcaP gene, however, has sites that are only ∼100 bp apart (27) . When assayed at 40 nM CodY, only the downstream boundary (i.e., the drop in coverage on the bottom strand) could be determined for the upstream bcaP site (Fig. 3C and Fig. S2C ) and only the upstream boundary (i.e., the drop in coverage on the top strand) could be determined for the downstream site ( Fig. 3D and Fig. S2C ). The region between the two boundaries detected for the closely spaced sites was characterized by overlapping coverage on both strands (Fig. S2) . Interestingly, when assayed at 8 nM CodY, binding to only the downstream bcaP site was detected, forming a standard gap in coverage and allowing us to deduce the exact position of the site (Fig. 3 E and F) . This is consistent with our observation that the downstream site has threefold higher affinity for CodY (K D = ∼3 nM) than the upstream site (28) .
For two closely spaced sites of significantly different strengths, three of the four boundaries of the sites can be determined. Given the short length of core binding sites, even the availability of a single boundary did not compromise significantly the ability to locate the binding site. Moreover, in the case of the putB gene, two nearby CodY-binding sites identified by mutational analysis could not be resolved by DNase I footprinting experiments (13), but their existence was confirmed by IDAP-Seq and reflected in the 4-to 5-nt distance between the two boundaries that correspond to upstream and downstream core sites (Fig. S1 H and I) . An unbiased search for a common DNA motif on both strands of the dataset using the MEME motif-searching algorithm (29) yielded a 17-nt motif ATTTTCWGAAWWTTCWG (Fig. 4) . The first 14 nt of the motif correspond to nucleotides 2-15 of the previously described canonical 15-nt CodY-binding consensus motif, AATTTTCWGAAAATT. The most conserved positions of the 14-nt sequence are in boldface. Interestingly, the last 9 nt (AAWWTTCWG) of the 17-nt motif correspond to the first 9 nt of a second copy of the canonical motif. This is reminiscent of a recently suggested model of a 24-nt CodY-binding site consisting of two 15-nt canonical motifs overlapping by 6 nt (26) .
The length of the core sequence for many sites was dependent on the concentration of CodY used. For example, the core sequence of the ylmA site was 22 nt when low concentrations of CodY were used, but only 12 nt when higher concentrations of CodY were used (Fig. 5) . This result implies that the affinity of CodY for the minimal core sequence is too low to allow stable binding at low CodY concentrations unless the protein can interact also with additional nucleotides that extend the site or form another overlapping site(s). The observation that the core sequences of many CodY-binding sites are longer than 15 nt is consistent with the idea that sequences outside a single 15-nt canonical motif are involved in CodY binding.
Although the B. subtilis chromosome does not contain even one sequence with perfect adherence to the canonical 15-nt CodYbinding consensus, the genome does contain 4, 53, and 361 sequences (418 total) that have one, two, or three mismatches to the consensus, respectively. However, the 354-site dataset only includes 1, 20, and 68 of such sites (89 sites total). The failure of the remaining 329 chromosomal 15-nt sequences with one, two, or three mismatches to bind CodY efficiently in vitro presumably means that certain mismatches are more deleterious than others or that the 15-nt canonical motif is not the only factor determining the affinity of CodY for DNA.
On the other hand, ∼150 actual binding sites overlap 15-nt motifs with four mismatches suggesting that a more degenerate version of the canonical motif can be an important component of a CodY-binding site (see Figs. S3 and S4 for further analysis of CodY-binding motifs).
A C B Fig. 2 . Diagrams illustrating the strand-specific counting of Illumina reads for fragments containing binding sites for a DNA-binding protein. Alignment of (+) strand reads (A) and (−) strand reads (B) with a genome sequence containing an idealized 16-nt binding site (black rectangle). All fragments are shown to be of a uniform 60-nt size. The 5′ nucleotides are depicted as circles, which are filled for fragments that include the entire binding site. (C) Strand-specific coverage map generated by counting only the 5′ nucleotide of each Illumina read. The coverage of the (+) and (−) strands is shown in gray and black, respectively. The final abundance of each fragment that copurifies with the binding protein was assumed to be 20; the abundance of fragments that do not contain the protein-binding site was assumed to be zero.
Location of CodY-Binding Sites. About 50% of the 354 CodY-binding sites identified by IDAP-Seq are located in putative regulatory regions upstream of the coding region of a gene (114 sites) or between two coding regions of divergent genes (64 sites) (Dataset S1). Sites from 53 of 66 regions that are associated with reported CodYregulated genes (Dataset S3) belong to this group.
Eight sites were found in intergenic regions separating two convergent genes. Most surprising was the observation that 47% of CodY-binding sites were located within coding regions (168 internal sites). Other transcriptional regulators also have many binding sites within coding regions (30, 31) . Given that our previous studies documented the ability of CodY to terminate transcription by binding within the 5′ untranslated region of a transcription unit (27) , we decided to test whether binding deep within coding regions would also lead to repression of fulllength transcript synthesis. (Table S1) .
We confirmed the identity and strength of the ispA site by gelmobility shift and DNase I footprinting experiments. CodY bound with high affinity (apparent K D of ∼3 nM) to an ispA fragment (Fig. 6B) and protected a 30-nt site on the template DNA strand corresponding to positions 624-653 with respect to the ispA start codon and fully encompassing the core site detected by IDAP-Seq (Fig. 6C) .
For each of the three genes, we constructed lacZ transcriptional fusions containing the entire intergenic region upstream of the coding sequence and a part of the coding region that included the CodY-binding site detected by IDAP-Seq (SI Materials and Methods). Under conditions of maximal CodY activity, in a glucoseammonium minimal medium containing ILV and a mixture of 13 other amino acids, the ispA, rapA, and rapE fusions were repressed by CodY more than 100-, 5-, and 40-fold, respectively (Table 3) . See also Dataset S1A. Genes are presented alphabetically. A nearby gene is specified for some internal sites. Coordinates are specified according to the GenBank entry NC_000964.3. ND, site boundary and length could not be determined because of the presence of a nearby CodY-binding site.
To prove that CodY-binding sites detected in vitro and located within coding regions contribute to the observed CodY-dependent repression, we created additional fusions containing single mutations, labeled m1 in each case, in the conserved residue A10 of the canonical motif (shown above in boldface). Each of the mutations led to a nearly complete loss of CodY-dependent regulation (Table 3) . Thus, the binding sites located within the coding regions of these three genes are indeed responsible for CodY-dependent repression.
IDAP-Seq revealed that another, weaker CodY binding site, ATATTTTGAAGATTACTAATTCT, is located in the intergenic region upstream of both the ispA gene and the divergently transcribed rsbRB gene (Table S1 ). This site overlaps a 15-nt CodY-binding canonical motif with three mismatches to the consensus. The p1 mutation, which affects the same residue A10 (in boldface) of the motif as mutations m1, did not have any effect on the expression of the ispA-lacZ fusion (Table 3) . Thus, this site is unlikely to be involved in the CodY-dependent regulation of ispA.
Discussion
We report here two nonstandard approaches to understanding the relationship between regulatory protein binding sites and gene regulation. First, we showed that coupling of affinity purification of DNA-protein complexes to massively parallel sequencing permits genome-wide identification of virtually all binding regions. By varying the protein concentration during the purification step and by reiterative purification steps at a given protein concentration, one can distinguish among regions of different binding strength under conditions of genome-wide competition that mimic competition occurring in vivo. The resulting data can be used to define sequence motifs associated with strong and weak regions of binding, to identify the genes most likely to be regulated by the protein in question, and to predict the conditions under which a particular gene would be regulated. That is, the intracellular activity of a regulatory protein is determined by the concentration of molecules in the active conformation. Conditions that cause only a small fraction of the protein molecules to be active would allow regulation of only the genes with the strongest sites, whereas conditions that create a high concentration of the active conformation would allow weaker binding sites to be occupied.
Second, we provide a genome-wide method for identifying protein-binding sites in vitro at single-nucleotide resolution. Another single-nucleotide approach, ChIP-exo, has been described to analyze protein-DNA interactions in vivo (35) . We predict that our approach can be used to identify precisely the DNA-binding sites of other proteins and can be especially useful for analysis of global regulators. Identification of binding sites in vitro is an important complement to identification of genes subject to regulation and their binding sites in vivo. Although detection of a binding site in vitro does not constitute evidence for regulation, the presence of a site identifies candidate targets for direct regulation and its absence makes direct regulation very unlikely. Moreover, any attempt to fully characterize binding sites in vivo can be complicated by the requirement for special growth conditions that may be needed for protein binding or regulation.
We have identified functional CodY-binding sites within the coding regions of three B. subtilis genes. All three sites appear to cause efficient repression of gene expression by a roadblock mechanism as described previously for CodY-binding sites located within 5′ untranslated regions (27) . The presence of CodY-binding sites within the coding regions of many additional genes suggests that transcriptional roadblocking is a common mechanism of regulation by CodY. The physiological logic of regulatory proteinbinding sites internal to coding sequences remains unclear. In addition to repressing the gene bearing the site, binding to some sites may affect transcription of genes by regulating as yet unidentified Cells were grown in glucose-ammonium medium with a mixture of ILV and 13 other amino acids. β-Galactosidase activity is expressed in Miller units (MU). CodY-dependent repression of rapA and rapE genes was previously detected in microarray experiments (3). β-Galactosidase activity of each fusion in a strain containing a codY null mutation was normalized to 100%.
internal promoters or promoters of adjacent genes or by preventing read through from an upstream promoter into the downstream gene. The complexity of the B. subtilis transcriptome (36) is fully consistent with multiple possible functional roles for CodY-binding sites internal to coding sequences. -charged His·Bind resin (Novagen) was added and the CodY-DNA complexes were allowed to absorb to the resin with slight agitation for an additional 20 min at room temperature. The resin was collected by centrifugation at 50 × g for 30-60 s and washed four times with the binding buffer containing 10 mM ILV. The final pellet was resuspended in 100 μL of 20 mM Tris·Cl (pH 8.0) 1 mM CaCl 2 with 1 μL of proteinase K (Sigma; P4850) and incubated at 37°C for 2 h with occasional mixing. The resin was removed by centrifugation, and DNA was purified using the Qiagen PCR Purification kit. For each individual IDAP reaction, the purified fragments were amplified by PCR using one of the barcoded oligonucleotides from the olj527 to olj542 series as one primer and olj139 as a common primer. When reiterative rounds of IDAP were performed, 0.1 μg of the amplified DNA fragments from the preceding round (∼3 nM) and the same concentration of CodY were used.
Samples (0.6-5 nM in a total volume of 20 μL) of amplified DNA from each of the IDAP reactions as well as a sample of the original size-fractionated DNA library that was not incubated with CodY were subjected to massively parallel sequencing using the Illumina HiSeq2000 system under conditions of 16-fold multiplexing. A total of 145-200 million 50-nt reads were obtained from each sequencing well.
Analysis of IDAP-Seq Results. The procedure to identify CodY-binding regions using the Galaxy suite (37) is described in SI Materials and Methods. Only 5′ nucleotides of each read were counted for coverage determination. CodYbinding sites were identified as described in the text by manual visual inspection of the original (no shifting and smoothing) strand-specific coverage of each individual CodY-binding region.
Bacterial Strains, Growth, and Assays. All B. subtilis strains used in this study were derivatives of strain SMY (38) and are described in the text and in SI Materials and Methods. Cells were grown in TSS medium as described (28) . β-Galactosidase specific activity was determined as described previously (39) . Methods for common DNA manipulations, transformation, gel shift experiments, DNase I footprinting, and sequence analysis were as previously described (12, 28) . All oligonucleotides used in this work are described in Table  S2 . Labeling of DNA fragments is described in SI Materials and Methods.
